The interaction of superoxide radicals with Pseudomonas aeruginosa azurin in solution and in adsorbed form was characterized using spectrophotometric and electrochemical techniques. It was determined that the rate constant for the reduction of azurin by superoxide ion in solution was about 10 5 M -1 s -1 , being 2-3 times lower than the constant for cytochrome c. To prepare superoxide sensitive electrode azurin was immobilised on the surface of gold electrodes. Cyclic voltammetry measurements revealed that the best electron transfer between the protein and the electrode is realised at short-chain thiol, viz. 3,3'-dithiobis(sulfosuccinimidylpropionate,)-(DTSSP-) modified gold. The formal potential of the redox protein on the DTSSP-modified electrode was found to be 380 mV vs. NHE being 100 mV more positive if compared to the standard redox potential of the T1 site of azurin from
Introduction:
Free radicals are essential in human defence against infections. Among them, reactive oxygen intermediates (ROI) have also important non-bactericidal functions, i.e. in signal transduction, proliferation and thrombosis, and may be generated in a number of different cell types, including neutrophil granulocytes (Lander, 1997; Finkel, 1999; Stief, 2000) . The formed ROI:s may be involved in the pathogenesis of inflammatory disorders and cancer, and they are difficult to detect directly due to their high reactivity and short lifetime (White et al., 1994; Amatore et al., 2000; Finkel and Holbrook, 2000) . Hence, it is appealing to exploit the common advantages of electrochemical biosensors, such as real-time measurement, high sensitivity and selectivity for the detection of free radicals in biological samples.
The short-lived intermediate superoxide radical (O 2 - ) is a primary ROI, which is potentially hostile to the host since it may exceed certain "antioxidant" levels locally in the tissue (White et al., 1994; Finkel and Holbrook, 2000) . O 2 -results from the 1e -reduction of oxygen, and the determination of an absolute concentration is complicated due to spontaneous dismutation (Eq. 1):
Several types of biosensors have been pioneered for the analysis of superoxide, namely biosensors based on superoxide dismutase (Lisdat et al., 1999; Yao et al., 2002) and cytochrome c (McNeil et al., 1995; Campanella et al., 1997; Lisdat et al., 1999; Barbacanne et al., 2000; Ge and Lisdat, 2002; McNeil and Manning, 2002) . However, alternative biosensor designs would be appreciated if higher sensitivity, stability, and reproducibility could be provided.
The most popular electrochemical biosensors for superoxide detection are based on the direct detection of O 2 -with cyt c-modified gold electrodes ( Fig. 1) , where cyt c is the redox k 1
protein. In order to get direct electron transfer (DET) between the gold electrode and cyt c, short and long length thiols have been exploited (McNeil et al., 1995; Manning et al., 1998; Lisdat et al., 1999; Ge and Lisdat, 2002; McNeil and Manning, 2002) . This way the reduction of cyt c by O 2 -can be detected as a current due to a subsequent electrochemical oxidation of reduced protein at the electrode surface. The re-oxidation current of cyt c is then proportional to the concentration of superoxide radical (Fig. 1) . Analyses of the cyt c biosensor suggest, that the sensitivity can be significantly improved by increasing the amount of redox protein on the electrode surface, or by replacing cyt c with another protein showing higher selectivity
. The first strategy has been realized recently by a multilayer cyt c sensor that display approximately five times higher sensitivity compared to the monolayer cyt c-modified gold electrode (Beissenhirtz et al., 2004) . The second alternative could be to use a redox protein fulfilling the following requirements: (i) the value of the standard redox potential (E˚´)
should be moderately positive (in the range between 200-300 mV vs. NHE) ensuring electrochemical oxidation of the immobilized protein, yet avoiding electrooxidation of interferences such as peroxide and uric acid, (ii) rapid electrochemical redox conversion (reversible electrochemistry) of the electrode-immobilized protein should be realised in order to avoid kinetic limitations of the biosensor sensitivity, (iii) the protein should have good reactivity towards free radicals, as well as (iv) have a high stability on the electrode surface.
The small copper proteins (azurin, plastocyanin, stellacyanin, amicyanin, and rusticyanin) are all involved in intermolecular electron transfer pathways (Kaim and Rall, 1996; Messerschmidt et al., 2001) . They contain a type 1 copper centre (T1 site), which exhibits unique spectroscopic characteristics, including their intense blue colour associated with a strong absorption band in the visible region at 600 nm. Obviously, some of them satisfy all of the above requirements for an alternative redox protein. First of all, the E˚´-values of the "blue" redox proteins have been shown to range between 184 to 680 vs. NHE (Reinhammar, 1972; Solomon et al., 1992; Kuznetsov et al., 1996; Gray et al., 2000; Zhang et al., 2002; Li et al., 2004; Pinho et al., 2004) . Several publications describe pronounced and stable electrochemical signals, where "blue" redox proteins have been immobilized on different electrode surfaces (Armstrong et al., 1984 (Armstrong et al., , 1985 (Armstrong et al., , 1989 (Armstrong et al., , 2004 Buechi et al., 1992; Kuznetsov et al., 1996; Jeuken et al., 2000; Pinho et al., 2004) . Finally, recently the sufficient antioxidant properties or pronounced interactions with ROI has also been shown for coppercontaining redox proteins (Kang, 1999; Kumari et al., 2000; Kondoh et al., 2001; Shishido et al., 2001 ). Thus, they are strong candidates for ROI sensitive biosensors ( Fig. 1 ) and they have also been suggested for this application (Lisdat and Karube, 2002) .
Azurin is one of the smallest (14 kDa) and simplest "blue" redox proteins (Solomon et al., 1992; Jeuken et al., 2000) . The redox transformation of the T1 site is caused by the reversible redox conversion of the copper ion from Cu 3+ to Cu 2+ , and azurin belongs to the group of low redox potential copper proteins with E˚´-values varying between 270 to 320 vs.
NHE depending on the protein source (Solomon et al., 1992; Gray et al., 2000; Zhang et al., 2002; Pinho et al., 2004; Shleev et al., 2005) . Azurin from Pseudomonas aeruginosa is commercially available, has a known protein sequence and crystal structure. Moreover, its spectral, electrochemical, and kinetic properties have been studied extensively (Brill et al., 1968; Soininen and Ellfolk, 1972; Van de Kamp et al., 1990; Nar et al., 1991; Solomon et al., 1992; Van Pouderoyen et al., 1997; Gray et al., 2000; Jeuken et al., 2002; Andolfi et al., 2004; Armstrong et al., 2004) .
The objectives of this work were (i) to design and characterize a superoxide sensitive biosensor based on azurin-modified gold electrodes, and (ii) to apply the novel biosensor for real-time in vitro measurements of superoxide release from the xanthine oxidase reaction, from the interaction of KO 2 with water, and from isolated human neutrophils. 
Materials and methods

Chemicals and buffers
Cells
Peripheral human polymorphonuclear neutrophil granulocytes (neutrophils) were isolated from heparinized (5 U/mL) whole blood immediately following venipunture of apparently healthy non-medicated volunteers that had given informed consent before donation. The isolation procedure was originally outlined by Böyum (Böyum, 1968) , and later optimized by others (Ferrante and Thong, 1980 
Azurin-modified gold electrodes
Azurin-modified gold disk electrodes (bare gold electrodes were from Bioanalytical Systems, West Lafayette, IN, USA) were used for electrochemical studies. The surface of the working gold electrode was first polished in DP-Suspension, and t hen was polished in alumina FF slurry (0.25 mm and 0.1 mm, respectively, Struers, Copenhagen, Denmark), rinsed in Millipore water, with 10 min sonications in between. The electrodes were then cycled 30 times in 0.5 M H 2 SO 4 , and kept in concentrated H 2 SO 4 .
Electrodes were modified with azurin in three different ways. In the first case azurin was adsorbed directly on the gold electrode through 3 hours of incubation of gold disk electrodes in 1 mg/ml azurin solution in PBS. The second approach was a short length thiol-modified (DTSSP) gold electrode, prepared by immersion of the clean gold electrode in 50 mM DTSSP solution for 5 min. After this treatment the electrode was incubated in 1 mg/ml azurin in PBS for 20 hours, rinsed with water, and kept in PBS for 0.5 h for stabilization (desorption of loosely bound protein). In the third case, a thiol layer from long carbon chain thiols (MUD+MUA) was immobilised on the surface of gold electrodes by self assembling according to Ge and Lisdat (Ge and Lisdat, 2002) . After thiol modification the electrode was kept in 1 mg/ml azurin for 2 hours, rinsed with water, and kept in PBS for 0.5 h for stabilization before measurements. After stabilization of the electrodes for 0.5 h they were ready for use.
Azurin-modified electrodes were assessed by cyclic voltammetry. Cyclic voltammograms (CVs) of the protein-modified electrodes were recorded using a three- 
Homogeneous superoxide reaction with cytochrome c and azurin in solution
Absorbance spectra of the proteins were recorded in PBB in the presence of 2 mM xanthine using a spectrophotometer Ultrospec II Biochrom "LKB" (Bromma, Sweden). The reduction of cyt c and azurin by O 2 -was realized by XOD reaction (Eq. 2). Kinetic experiments were performed in PBB with 2 mM xanthine. The concentrations of both redox proteins were varied between 7.2 and 72 M.
XOD k 2 2.6. Detection of the superoxide radicals
Electrochemical detection
Studies on superoxide generation in cell free systems were performed using the BAS CV-50W potentiostat. The potential of + 500 mV vs. NHE was applied to the azurin-modified electrode, and chronoamperometric curves from the electrodes were recorded. O 2 -was generated by xanthine and XOD as previously described (Cooper et al., 1993) , or by reaction of KO 2 with water. This reaction (Eq. 3) proceeds spontaneously after injection of KO 2 in DMSO into the buffer solution (Ge and Lisdat, 2002) . In later case the distance between the point of KO 2 injection and the azurin electrode was varied from 1 mm to 10 mm.
The extracellular generation of superoxide from isolated neutrophils was recorded using the three-electrode potentiostat BAS CV-50W. The potential of +500 mV was applied on the azurin modified working electrodes, and chronoamperometric curves from the modified electrodes were recorded. For this purpose, a silver wire in PBS or KRG was used as a combined reference and counter electrodes.
Luminol-amplified chemiluminescence
The intra-and extracellular generation of ROI:s over time from isolated neutrophils was studied by luminol-amplified chemiluminescence in a six-channel Biolumat (LB 9505 C, Berthold Co., Wildbaden, Germany). Measurements were performed at 37C in KRG with HRP (4 U/ml), luminol (20 g/ml) and cells with the final concentration from 1 x 10 6 /ml to 2 x 10 7 /ml. Stimulation of neutrophils was performed using different types of stimulators, such as fMLF (0.1 M) or PMA (0.1 M). Intracellular ROI:s were detected by substituting HRP with the scavenger -SOD (200 U/ml). Cell solution was equilibrated for 5 minutes at 37C k 3
and simultaneously with the chemiluminescence assay the extracellular production of O 2 -was recorded by the azurin-based biosensor in one of the Biolumat channels (no HRP or luminol present).
Results and Discussion
Electrochemistry of azurin
Azurin-modified gold disk electrodes for the detection of O 2 -were developed and their application was examined. The measurement results and different characteristics relevant to the function of the electrodes are summarised and discussed below. In the following discussion a particular emphasis is devoted on the difference between the azurin electrodes and the biosensors for O 2 -based on cyt c.
A number of reports describing DET of azurin has been published, e.g., (Armstrong et al., 1984; Sakurai et al., 1996; Jeuken et al., 2000; Jeuken et al., 2002; Armstrong et al., 2004) . Well-resolved cyclic voltammograms (CVs) were previously recorded with the midpoint potential, E m , (taken as an average of the anodic and cathodic peak potentials) close to the E˚´ value of the T1 copper site in azurin. The similarity of the E m to E˚´ granted to this electrochemical method an acceptance that the redox potential for azurin and other small "blue" redox proteins, such as pseudoazurin, umecyanin, stellacyanin, plantacyanin, and plastocyanin can be determined by simple CV measurement (e.g., (Berezin et al., 1978; Sakurai et al., 1996; Jeuken et al., 2002) ). The E˚´ value of the azurin was previously estimated to be close to 300 mV vs. NHE (Solomon et al., 1992; Gray et al., 2000; Li et al., 2004; Pinho et al., 2004) . Fig. 2 shows CVs of azurin immobilized on the surface of gold electrodes. As can be seen in Fig. 2 , stable and quasi-reversible electrochemical redox cycling of the T1 site in the protein is obtained for azurin immobilised by a short thiol DTSSP. E m is equal to 380 mV vs.
NHE being close to the E˚´ value (300 mV). The peak separation of 49 mV and 71 mV at the scan rates of 10 and 100 mV s -1 , respectively, are in good agreement with previously published data. E m values of P. aeruginosa azurin adsorbed on gold electrodes modified with different thiols were estimated to range from 310 to 410 mV vs. NHE (Sakurai et al., 1996; Jeuken et al., 2000; Jeuken et al., 2002; Lisdat, Karube 2002; Andolfi et al., 2004; Armstrong et al., 2004) . Azurin adsorbed on the bare gold electrode, as well as on the MU-MUAmodified gold electrode, showed far lower and less stable redox peaks (Fig. 2) . DTSSP was, thus, chosen as an electrode modifier for the immobilisation of azurin at the surface of gold in the following our study and application of azurin-modified electrodes.
By varying the scan rate and measuring the peak separation in CVs of azurin-modified electrodes the heterogeneous ET rate constant s k was determined to range between 2-6 s -1
according to the method of Laviron (Laviron, 1979) . Transfer coefficient  = 0.5 was used in these calculations. This rate constant is very close to the previously reported values of 3-6 s -1
for P. aeruginosa azurin immobilized on gold via a mercaptosuccinic acid (MSA) monolayer (Lisdat and Karube, 2002) and it is comparable to 4-12 s -1 determined by Gaigalas and Niaura for azurin adsorbed on a hydrophobic surface of hexane thiol (Gaigalas and Niaura, 1997) .
The surface concentration, 
Detection of O 2 -and response to interferences
O 2 -produced by several methods was used to study the reaction between O 2 -and azurin immobilised at DTSSP-modified gold electrode. If the electrode was polarized at +500 mV vs. NHE, the amperometric detection of O 2 -was feasible, as shown in Fig. 3 . With the enzymatic O 2 -generation system, a steady-state current signal from the electrode was obtained within 10-20 s after the injection of the XOD into xanthine solution (Fig. 3) . Similar responses have been reported for O 2 -detection by cyt c-modified electrodes (Tammeveski et al., 1998; Ge and Lisdat, 2002) . When 20 l of the KO 2 stock solution in DMSO was injected at 1 mm distance between the point of KO 2 injection and the electrode, a high 4.5 nA current peak output from the azurin electrode was obtained (Fig. 4, curve 1 the detection is only possible if the compound is generated close to the electrode surface.
To keep azurin completely oxidised (i.e., to ensure that the T1 copper is in Cu 2+ state for optimal O 2 -registration) the applied potential of +500 mV vs. NHE was chosen as can be justified by looking at CVs of azurin-modified electrodes (Fig. 2) . This is, however, a high potential, which might impose electrochemical oxidation of interferences such as uric acid, H 2 O 2 , and DMSO. Both, H 2 O 2 and uric acid, are the final products in the XOD based O 2 -generation system, and belong to the most serious interfering substances also in in vivo application of electrochemical methods (Lisdat and Karube, 2002) . Insignificant interference of both substances has been reported at cyt c-modified electrodes when polarized at lower than +450 mV vs. NHE (Ge and Lisdat, 2002) . The optimal potential range in which minimum interference could be guaranteed was found to be in the range 350 -400 mV vs.
NHE, whereas 100 mV higher applied potential was used in our experiments. To clarify the situation with possible interference from uric acid, H 2 O 2 , and DMSO on the current response of the azurin-modified electrodes the control experiments were performed. We would like to emphasize that the optimum applied potential for every particular azurin-modified electrode can be assessed by CV before the use of the electrode as O 2 -sensitive biosensor. Usually, such a potential could be lower than +500 mV vs. NHE. th µM range. However, a high oxidative current was recorded, when 100 th µM concentration of H 2 O 2 (Fig. 4 , curves 2) and uric acid (data not shown) was reached. DMSO, a common solvent for numerous drugs in biomedical investigations, showed much lower response (Fig.   4, curves 3) . These results are in good agreement with previously published data describing the behaviour of uric acid and peroxide at the electrodes polarized at the potential higher than +450 mV (Ge and Lisdat, 2002) . It should be emphasized that the influence of the interferences on the signal of the biosensor highly depended on the quality of the modified electrode. In general, the more sensitive was the azurin-modified gold electrode towards O 2
-
the lower was the signal from the interfering compound.
Kinetic analysis and calibration
The O 2 -detection system based on cyt c or azurin rely on reaction of O 2 -with immobilized redox proteins ( Fig. 1) Comprehensive kinetic analysis of the biosensor based on cyt c-modified electrode was presented previously (Tammeveski et al., 1998; Ge and Lisdat, 2002) , as well as the calibration of the sensor using enzymatic and chemical O 2 -generations has been evaluated (Ge and Lisdat, 2002 (Butler et al., 1982; Ge and Lisdat, 2002 (Fig. 5A) . The reduction rate of cyt c was measured by the increase of the absorption at 550 nm. For azurin the disappearance of the blue colour ( max 628 nm) corresponds to its reduction in the solution. Since the extinction coefficients are known (cyt c -23.9 mM -1 cm -1 (Sober, 1969) and azurin -5.7 mM -1 cm -1 (Goldberg and Pecht, 1976) ), the kinetic estimates of the reduction processes could be done for both proteins. As can be seen from Fig. 5B the reduction rate of cyt c is higher compared to azurin, and after short time a fully reduced protein could be obtained in the solution containing a high concentration of XOD, whereas longer exposure of azurin to O 2 -is needed in order to get fully reduced azurin (Fig. 5B, doted curve 1) . From the kinetic curves, the rate constant 4 ' k of the homogeneous reaction azurin -O 2 -has been approximated to be of about 10 5 M -1 s -1 taken into account the value previously determined for cyt c (2.6 . 10 5 M -1 s -1 1; Butler et al., 1982) . In this approximation the following values were used: concentration of both proteins was equal to 0.1 mg/ml, the initial rates of the reactions for cyt c and azurin reduction were found to be 0.76 and 0.24 nmole s -1 at 250 mU/ml of XOD, and 0.08 and 0.05 k will, thus, be calculated below from the experimentally determined sensitivity of the electrodes.
When a superoxide sensitive biosensor responds to O 2 -from the XOD reaction, a steady-state sensor signal is obtained due to equilibration of two opposite processes. O 2 -dismutation (Eq. 1) and its generation (Eq. 2) at steady-state leads that s -1 and 1 s -1 , respectively under the air-saturated conditions at pH 7.5 (Ge and Lisdat, 2002) .
Taking into account the values of these constants, specific XOD activity of 1.3 U mg -1 and the molecular weight of the enzyme equal to 300 kDa (Nagler and Vartanyan, 1976; Eger et al., 2000) it is possible to calculate the sensitivity of the azurin-based sensor as being equal to 6.8 . 10 2 A m -2 M -1 . In more simple terms this calculation could be simplified if accepting the estimate that 1 µM steady-state concentration of O 2 -is present in the solution containing 50 mU per mL XOD activity (Tammeveski et al., 1998; Ge and Lisdat, 2002 (Ge and Lisdat, 2002). 4 k value for the immobilised azurin was about 1.5 times lower than the same constant for monolayer of cyt c immobilised on the mercaptoundecanoic acid/mercaptoundecanol modified gold electrodes (Ge and Lisdat, 2002 
Monitoring of O 2
-
production from neutrophils
The azurin-based biosensor and well-known luminol-amplified chemiluminescence assay for monitoring of reactive oxygen species (ROS) were used to measure O 2 -production from human neutrophils. A typical current response as well as chemiluminescence signal recorded with the azurin-modified electrode and Biolumat are shown in Fig. 6 A and B, respectively. The responses were generated by 10 6 -2 . 10 7 neutrophil concentration per ml, which was achieved by addition of the concentrated cell solution from freshly collected venous blood in to the measurement cuvettes hosting either azurin-modified electrode or the solution of Biolumat. The immediate responses to addition of the neutrophils shown by the two methods can be explained by the production of ROS from the stressed neutrophils during their transfer to the warm solution (37C) after storage on melting ice. With the azurin electrode (Fig. 6A ) the current obtained corresponds to the extracellular O 2 -concentration of about 2 M. During following 300 sec the cells in measurement cuvettes warm up and the signals from both measurement methods stabilise (Fig. 6 ). After that, the stimulators (only response to fLMF is shown in Fig. 6 ) were added into the solution resulting into a well pronounced luminol-amplified chemiluminescence signal. The response is approximately 1000 times higher if compared to signal without stimuli (Fig. 6B ). This result is in a good agreement with previously published data (Mills et al., 1980; Dahlgren et al., 1985; Panasenko et al., 1991; Samuni et al., 1991) . The stimulator, however, increased the current response of the azurin-modified electrode only moderately ( 
Conclusions
The azurin-DTSSP-modified electrode is a highly sensitive amperometric O 2 
